Linear DNA with covalently closed ends is the predominant form of DNA in the spirochaete Borrelia burgdorferi. AH bacteria examined to date have small DNA-binding proteins related to the Escherichia coli IHF and HU proteins that appear to play roles in DNA compaction and replication, but such proteins had not been isolated from bacteria with linear genomes. We found a single gene in B. burgdorferi (named hbb) whose product (named Hbb) complements the defects for 1 DNA packaging found in Em coli strains mutant in the genes for IHF and HU. The sequence of the predicted B. burgdorferi protein is similar to those of HU and IHF-like proteins in other bacteria. The gene appears to be in an operon with the order rpsl-hbb+rf#, where the rpsr gene is a homologue of the Em coli gene encoding ribosomal protein S 2 0 and the orfH gene encodes a protein of unknown function. This operon is located upstream of the previously identified B. burgdorferi rho homologue.
INTRODUCTION
Burrelk bmrgdoTftra', the spirochaete that causes 1,yrne disease, has an unusual genome composed of linear and circular DNA molecules (Barbour & Garon, 1987 ; Baril e t a/., 1989; Ferdows & Barbour, 1989) . The linear molecules have covalently closed ends (hairpins). The only non-borrelial example of such structures among the prokaryotes is the prophage form of the coliphage N15, which exists as a linear plasmid (Ravin & Shulga, 1970; Svarchevskp & Rybchin, 1984) . The left and right telomeres of the 16 kb linear plasmid of B. bnrgdyferi are identical at 16 of the 19 terminal bp (Hinnebusch ef al., 1990) . The left end also has multiple direct repeats and a large inverted repeat (Hinnebusch & Barbour, 1991 ;  Hinnebusch ef a/., 1990). These DNA sequences migrate aberrantly through acrylamide gels, suggesting that the DNA is naturally bent (Hinnebusch, 1991) . About 250 bp from the left end is a consensus sequence for binding of E'scberichza colz integration host factor (IHF), a small DNA-binding protein (Hinnebusch, 1991) .
IHF was discovered in E. coli because it is essential for integration of the bacteriophage 1-prophage into the t Present address: Division of Biological Sciences, University of Montana, Missoula, M T 59812, USA.
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; reviewed by Friedman, 1988 ). Subsequently, it was found to be a heterodimer of the products of the homologous genes hZmA (Friedman, 1988 ; Mechulam e t d., 1985; Miller, 1984) and hi$ (himD) (Flarnm & Weisberg, 1985) . IHF has a molecular mass of approximately 20 kDa for the heterodimer and binds to specific DNA sites, inducing a sharp (> 90") bend (Kosturko e t a/., 1989 ; Thompson & Landy, 1988) . THF binding affects binding of other proteins to the DNA, either increasing or decreasing levels of transcription, plasmid partitioning and DNA inversion (reviewed by Friedman, 1988 ).
E. coli has a second small DNh-binding protein, HU, which lacks sequence specificity (reviewed by Drlica & Rouviere-Yaniv, 1987 ; Schmid, 1990 ). The protein is also a heterodimer, whose components are encoded by the h n j A and knpB genes (Kano e t al., 1985 (Kano e t al., , 1987 . These genes are homologous to each other as well as to the himA and hzp genes. The HL protein appears to prefer binding to kinked DNA and four-way junctions, which resemble recombination intermediates (Bonnefoy e t al., Stern et al., 1986) , various oligonucleotides were synthesized on a Cyclone Plus Synthesizer (MiIligen) and 32P-labelled using polynucleotide kinase (New England Biolabs) and [y3'P]ATP (Dupont-NEN). B. burgdurfeeri R N A was prepared as described by Ausubel ef al. (1989) . Primer (2 ng) was mixed with 5-30 pg RNA in 50 mM Tris (pH &3), 60 mM NaC1, 10 mM dithiothreitol and 1 mM EDTA and heated to 80 "C for 3 rnin in a Perkin Elmer Cetus DNA Thermal Cycler. The samples were cooled to 45 O C over 45 min and then incubated at 45 *C for 1 h with 30 U avian myeloblastosis virus reverse transcriptase ('L'SB) and 110 U ribonuclease inhibitor (USB) in 8.3 mM Tris (pH 8.3), 10 mM NaC1, 16.7 mM dirhiothreitol, 10 mM MgC1, and 1-7 mM of all four dNTPs. Ribonuclcase A was added to a concentration of 0.6 mg ml-' and the samples were incubated for 20 rnin at 37 'C. The samples were diluted, extracted with phenol/chloroform (50 : 50, v/v), and precipitated with sodium acetate and ethanol. Pellets were resuspended in 10 ~1 0 . 5 x Sequenase stop solution (USB) and loaded on 6 Y o (w/v> acrylamide sequencing gels for analysis. Northern blots of 1.4 9' 0 (w/v-> agarose formaldehyde gels were as described b y Sambrook e t al. (1989) .
Subcloning of hbb and orJH genes. The bbb gene was subcloned by digesting pKK41 ( Fig. 1 ) with BgBI and PstI (New England Biolabs) and isolating the 650 bp fragment: from an agarose gel using NA45 membrane (Schleicher and Schuell). The purified fragment was ligated with PsfI and BdmHIdigested pBluescript SK( +). The o r f l fragment was isolated on a 785 bp DraI fragment and ligated with SmaI-digested pBluescript SK(+) using similar methods. Each insert was crossed jnto RZAPII by growing a stock of insert-free (blue-plaqueforming) phage in a re&+ strain carrying the appropriate plasmid. The resultant lysates were plated for individual plaques on plates containing X-Gal and stocks of several white-plaque- 
RESULTS

Cloning of the gene for an IHF-like protein
We constructed libraries of B. bzrrgda$ert B32 DNA partially digested with E m R P or Tsp509I in the vector dZAPII (Stratagene) . We plated this library on strains mutant in both hap genes (hence making no HU protein) that were also unable to make IHF because of himA, h$ or himA hzp mutations ( 10-5-10p4 ). These phage {called llZAP56, Z A P 4 1 and )"ZAP55 ; Fig. 1 
Sequencing of complementing sequences
The phage were converted to plasmids by in viuu excision (Stratagene). Their inserts were analysed by restriction mapping and PCR and were found to overlap (data not shown; Fig. 1 ). We sequenced a region of 3.4 kb that included the complementing sequences {Figs 1 and 2) . This region included four open reading frames (CIRFs) and the terminus of a fifth. The predicted amino acid sequences were compared to protein and nucleic acid databases using the BLAST programs (Altschul c t a/., 1990). The partial ORF (OrfR) was not homologous to any sequence in the databases. The sequence of the first complete ORF was homologous to ribosomal protein 520 (Fig. 31 , the second to IHF and HU (Fig, 3) , the third to no sequences in the databases, and the fourth to transcription termination factor rho . Based on these homologies, we named the predicted products OrfR, S20, Hbb, OrfH and rho and the corresponding genes orfR, rpsT, Abb, orJH and rho (Figs 1 and 2) . There are several notable features in these sequences. First, the predicted gene encoding ribosomal protein S20 has the initiation codon TTG, as is found in E. coli (Fig. 2). The amino acid sequences of the 8. bzdrgdorferi and E. culi S20 proteins are about 36 "4 identical (Fig. 3) 
Fig-I .
Map of the B. burgdorferi chromosomal region and recombinant plasmids used in this study. All inserts were cloned in phescript SK(-) or SK(+). Numbers refer to bases sequenced. Phages with the same inserts are given the name AZAP followed by the number of the plasmid (e.g. RZAP55 and pKK55 are the phage and plasmid with the same insert). Arrowheads indicate gene directions; gene names are indicated. The Hbb protein has several differences from the related proteins. (a) There is an N-terminal extension on the sequence, which is also true for five of the related proteins (Fig. 3) 
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Third, OrfH is not significantly similar to any sequences deposited in the sequence databases. The position of its start codon, adjacent to the stop codon for the hbb gene, suggests that the 6bb and o r f l genes may be coordinately expressed.
Fourth, the ORF homologous to the E. d i rho protein extends 96 amino acids upstream of the position at which the two homologues can be aligned . Analysis using the GCWIND program (Shields e t a/., 1992), which determines the frequencies of A + T versus G + C in the third position of codons, suggests that the protein is initiated at the methionine indicated in Fig. 2 (data not shown).
Complementation
%'e measured the ability of the 13. bbargdurfeeri sequences to complement the defects for DNA packaging by two methods ( Table 2) . The e.0.p. measures the ability of phage carrying complementing genes to form plaques on strains in which those genes are required. Phage yield measurements determine the number of phage released per infected bacterium, a more quantitative parameter of growth. In order to determine which sequences were responsible for the ability of the A transducing phages to form plaques on the various mutant hosts, we subcloned the Abb and o r f l genes separately in pl3luescript SK( +). $ e.0.p. is defined as the ratio of the phage titre on the mutant strain to the titre on the wild-type strain. Plaques on mutant strains were small and indistinct.
5 Mean of two replicates.
Since we suspected that neither gene had a promoter, we crossed the subclones back into ),ZAP11 in vfvo by growing a stock of insert-free (blue-plaque-forming) phage in the plasmid-carrying strains (see Methods). Measuring phage yield per infected mutant bacterium for these phages (Table 2> indicated that the hbb gene, encoding the T-IU homologue, was the only complete gene required for complementation.
The mutant bacterial strains carrying plasmid pKK55 (Fig. 1) complemented ,?ZAP11 growth and yield abuut 10-fold (Table 2 ). These phage yields may have been higher because the bacteria contained the complementing protein at the time of infection, because the level of protein present was higher in plasmid-containing strains, or for both of these reasons. Plasmids derived from Z A P 5 6 and ZAP41 (pKK56 and pKK41) did not complement in this assay, probably because they do not contain the B. burgdorferi promoters required for 666
expression (see below).
e.0.p. measurements for Z A P I T with no insert on strains with the vector or pKK55 (carrying the promoters and the rpsT, hbb and o r f l genes) were consistent with the phage yield experiments. Although the plaques were small and indistinct on the complemented strains (a consequence of their reduced phage yield), the phage made plaques about 106-fold more efficiently in the presence of the hbb' plasmid. Qualitatively similar results were obtained in the himA mutant strain jA5427) but the plaques were too small and faint to be counted with accuracy.
Bacteriophage Mu requires HU protein in order to form plaques. We assayed the ability of pKK55 to complement 12-coli AtrpA hupB mutants for Mu growth and found that the phage remained unable to form plaques in the plasmidcontaining strain. The B. btrrgdorfeeri protein may fail to allow Mu growth because it lacks an essential function or it may be expressed at improper levels for complementation.
Expression
We used primer extension analysis to look for possible transcription start sites in the region containing the hbb gene. We used primers within the rpsT, hbb, o r f l and rho genes. The only clear signals that we found were derived from sequences upstream of the rp5T gene (Figs 2 and 4) .
Although there have been no systematic studies to determine the consensus sequences for B. burgdoqeeri (Fig. 4) , Another good match to the consensus is located downstream of the rho gene (data not shown).
Northern blot analysis (Fig. 5) indicated that RNA species of about 0-9 and 1.3 kb hybridize with an hbb probe, suggesting that there may be RNA processing or differential termination at the 3' end of the transcript. The larger transcript is long enough to include the ~p s T , Abb and orfH genes, whereas the shorter transcript is predicted to lack the u r f l gene. Consistent with this interpretation, an orjH probe did not hybridize with the smaller RNA species (data not shown).
There are potential ribosome-binding sites upstream of the predicted start codons of all of the ORFs (Schwartz e t d., 1992;  Fig. 2 ). There is a potential rho-dependent terminator, defined as a C over G bias in the transcribed strand (Alifano e t al., 1991) , within the rho gene (data not shown). VVe found no predicted rho-independent terminators in this region.
DISCUSSION
The predominantly linear genomes and long, thin ultrastructures of the borreliae distinguish these bacteria from most, if not all, other genera (reviewed by Barbour & Hayes, 1986 ). The spirochaete Borrelicz hermszt' has multiple genomes spaced throughout its length (Kitten & Barbour, 1992) There are sequence differences between the predicted Hbb protein and the related proteins from other bacteria at several locations (see Results). These differences, how-B. bargdorferi genes for HU and S20 ~~ ever, are in regions predicted to lie between cc-helicai or pleated sheet domains so they are unlikely to significantly alter the protein's overall structure. Some of these features may be required for recognition of linear DNA molecules in vivu. The soIe animal virus in Fig. 3 , African swine fever virus, which encodes the LMW5-AR protein ( Fig. 3 There are no predicted rho-independent terminators yet there is a potential rho-dependent terminator within the rba gene. Although we have not identified any potential promoters for the rho gene, there may be a regulatory mechanism that allows transcriptional read-through when there are low rho concentrations. The E. coli rho gene appears to be autoregulated at the level of transcription attenuation, perhaps by a similar mechanism (Matsumoto e t al., 1986) .
There is no obvious reason why the bhb gene should be in an operon with the rpsT and o r -genes. One of the promoters for the E. coli hi) gene is upstream of the adjacent r p A gene, encoding a ribosomal protein ) but the other E. culi genes and the B. sabtiliJ gene for small Dh'h-binding proteins do not appear to be cotranscribed with other genes.
We suspect that we have identified the only gene for an HU-like protein in B. bzkrgdurferi. First, an hbb gene probe did not hybridize to any other sequences in B. bargdorfeeri DNA, at low or high stringency (data not shown).
Second, in our screen for genes that complement the E . coli mutants defective in IHF and HU, we isolated no other gene for an HU-like protein. 'VC'e isolated one phage capable of growing on the hupA IJupB himA mutant strain that had an insert composed of the termini of two convergent ORFs (Kit Tilly, unpublished data) . The predicted products were homologous to yeast uridine kinase and E. coli PriA, a hairpin-binding protein involved in DNA replication initiation. We do not know which sequences in this clone are responsible for complementation and have no explanation for how that complementation works. Neither product resembled HU or IHF. The product of the hbb gene is capable of fulfilling all roles of IHF protein required for R growth, a characteristic of HUlike proteins (Giladi e t A/., 1992) . Third 
